Oxidation of acenaphthene, acenaphthylene, and fluorene was examined with recombinant strain Pseudomonas aeruginosa PAO1(pRE695) expressing naphthalene dioxygenase genes cloned from plasmid NAH7. Acenaphthene underwent monooxygenation to 1-acenaphthenol with subsequent conversion to 1-acenaphthenone and cis-and trans-acenaphthene-1,2-diols, while acenaphthylene was dioxygenated to give cis-acenaphthene-1,2-diol. Nonspecific dehydrogenase activities present in the host strain led to the conversion of both of the acenaphthene-1,2-diols to 1,2-acenaphthoquinone. The latter was oxidized spontaneously to naphthalene-1,8-dicarboxylic acid. No aromatic ring dioxygenation products were detected from acenaphthene and acenaphthylene. Mixed monooxygenase and dioxygenase actions of naphthalene dioxygenase on fluorene yielded products of benzylic 9-monooxygenation, aromatic ring dioxygenation, or both. The action of naphthalene dioxygenase on a variety of methyl-substituted aromatic compounds, including 1,2,4-trimethylbenzene and isomers of dimethylnaphthalene, resulted in the formation of benzylic alcohols, i.e., methyl group monooxygenation products, which were subsequently converted to the corresponding carboxylic acids by dehydrogenase(s) in the host strain. Benzylic monooxygenation of methyl groups was strongly predominant over aromatic ring dioxygenation and essentially nonspecific with respect to the substitution pattern of the aromatic substrates. In addition to monooxygenating benzylic methyl and methylene groups, naphthalene dioxygenase behaved as a sulfoxygenase, catalyzing monooxygenation of the sulfur heteroatom of 3-methylbenzothiophene.
Naphthenoaromatic compounds constitute a group of aromatic chemicals with benzylic methylenic or methyne groups. They are abundant constituents of polycyclic aromatic compound (PAC) mixtures, one of the largest groups of priority pollutants (45) . Compounds with benzylic methylenic groups (e.g., acenaphthene and fluorene) occur as major constituents of coal-derived products such as creosote and coal tar (47) . Methyl-substituted aromatic compounds are also found in coal-derived products but in small quantities relative to those of the corresponding unsubstituted nuclei. Crude oils and petroleum-derived materials also contain an extensive series of naphthenoaromatic chemicals in which unsubstituted parent hydrocarbons are relatively less abundant than in coal-derived materials (1, 33) .
Biodegradation of materials containing PACs may have value in the development of remediative technologies that address environmental pollution by these chemicals (31, 32) . From the standpoint of the structural complexity of PACs found in such complex mixtures as fossil fuels, microbial mechanisms contributing to the degradation of naphthenoaromatic compounds have been insufficiently investigated. An extensive body of knowledge on the bacterial degradation of PACs has been built over years of biochemical and genetic studies, yet these have addressed primarily the degradation of unsubstituted aromatic nuclei (8) . The bacterial catabolic pathways for chemicals of the latter group (e.g., naphthalene or phenanthrene) principally involve sequences of reactions initiated by reductive dioxygenation of the aromatic ring (19) . Broad substrate specificity is now a well-recognized property of bacterial enzymes catalyzing early reactions of catabolic pathways for PAC utilization since Evans et al. (16) first showed oxidation of phenanthrene and anthracene by naphthalene-grown bacteria. However, little is known of how bacterial arene dioxygenases act on naphthenoaromatic compounds and, therefore, influence their fate during biodegradation of PAC mixtures.
In recent years, various monooxygenase-type reactions catalyzed by toluene dioxygenase (TDO) acting on indan and indene (6, 46) or by naphthalene dioxygenase (NDO) acting on indan, indene (18) , and indanones (35) have emerged as characteristic of oxygenases normally performing dioxygenation of aromatic rings. Earlier studies of the bacterial oxidation of acenaphthene and acenaphthylene by a mutant strain of Beijerinckia sp. (37) showed that several oxygenated products are formed from these compounds as a result of the oxidative activity normally responsible for initial reactions in the catabolism of aromatic hydrocarbons, such as biphenyl. Product formation was explained as resulting from monooxygenation of acenaphthene and dioxygenation of acenaphthylene along with nonspecific conversion of formed sec-alcohols to the corresponding ketones. However, the observed monooxygenase reactions were not unambiguously attributed to the activity of a single mono-or dioxygenase.
Although a number of reports describe monooxygenation of the methyl groups of substituted aromatic hydrocarbons, such as xylenes or methylnaphthalenes (3, 4, 10, 11, 29, 34, 44) , these reactions have not been attributed to actions of arene dioxygenases. Only TDO has been rigorously implicated in mo-nooxygenation of the methyl groups of 2-and 3-nitrotoluenes (36) .
A possible role of arene dioxygenases in the oxidation of sulfur heteroatoms in S-heterocyclic aromatic compounds is of particular interest because that reaction is often catalyzed by bacteria that possess dioxygenation-initiated catabolic pathways for degradation of PACs, such as naphthalene, biphenyl, and fluorene (17, 21, 22, 25, 28, 30) . Aromatic sulfur heterocycles, such as benzothiophenes and dibenzothiophenes, also occur in coal-tar-derived and petroleum materials, and a number of reports demonstrate that they can be metabolized via a sequence of reactions akin to those of naphthalene or alkylbenzene catabolism (14, 22, 27, 28) . However, there is no direct experimental evidence available at present to implicate arene dioxygenases in the reactions of sulfoxidation. Recently, a dihydrodiol-accumulating mutant derivative, UV4, of the toluene-degrading Pseudomonas putida NCIMB 11767 was shown to form chiral sulfoxides from a number of aryl-substituted S-heterocycles. However, few experimental details were reported to provide unequivocal evidence implicating TDO, or another oxygenase, in the sulfoxidation reactions (2) .
The present study focuses on nondioxygenase oxidative reactions catalyzed by NDO encoded by the plasmid NAH7. This NDO, like that from Pseudomonas sp. strain 9816-4, initiates naphthalene catabolism by NAD(P)H-dependent incorporation of dioxygen into naphthalene to form cis-1,2-dihydroxy-1,2-dihydronaphthalene (15, 26, 43) . The use of a recombinant strain, Pseudomonas aeruginosa PAO1(pRE695) (13), expressing NDO genes cloned in the absence of genes encoding subsequent enzymes of the naphthalene catabolic pathway, allows firm attribution of the formation of oxygenated products other than arene cis-dihydrodiols to NDO. We report here the action of NDO of the NAH7 plasmid on a variety of naphthenoaromatic hydrocarbons, on methyl-substituted aromatic hydrocarbons, and on aromatic S-heterocycles.
(A preliminary account of this work has appeared elsewhere [39] .)
MATERIALS AND METHODS
Organisms, growth, biotransformations, and product recovery. P. aeruginosa PAO1 harboring plasmid pRE695, which carries NDO genes cloned from plasmid NAH7, was used in this study (13) . The strain was grown in 500-ml volumes in mixed LB-mineral medium (1:1, vol/vol) (23), supplemented with glucose (1 g/liter) in 2-liter Erlenmeyer flasks on a rotary shaker (180 rpm) or in 8-liter volumes (13-liter flasks) aerated by magnetic stirring (300 rpm) at 30ЊC. Naphthalene 1,2-dioxygenase was induced by the addition of isopropyl ␤-D-thiogalactopyranoside (0.5 mM, 2 h) in the late exponential phase of growth. Cells were harvested by centrifugation (8,000 ϫ g), washed twice with 50 mM potassium phosphate buffer (pH 7.5), and resuspended in the same buffer to give a suspension with an optical density at 600 nm of 1.8 before incubation with different test compounds. Hydrocarbons were supplied at concentrations of 1 g/liter, while naphthenoaromatic sec-alcohols, ketones, and S-heterocycles were supplied at 200 mg/liter. Incubations with the host strain, P. aeruginosa PAO1 lacking plasmid pRE695, and incubations without cells were used as control experiments. Incubations were performed at 30ЊC with a rotary shaker and Erlenmeyer flasks for 24 h. Subsequently, cells (and undissolved substrates, where present) were removed by centrifugation, and supernatants were extracted with ethyl acetate (2 ϫ 1 volume) and then acidified (to pH 2 to 3) before extraction again with ethyl acetate. Extracts were dried over anhydrous sodium sulfate and evaporated under reduced pressure at 30ЊC.
Derivatization methods. Materials recovered by extraction under acidic conditions were methylated with an ethereal solution of diazomethane prior to gas chromatography-mass spectrometry (GC-MS) analysis. Acetylation with acetic anhydride in the presence of pyridine was used for derivatization of fluorenerelated products.
Analytical methods. GC-MS and GC-Fourier transform infrared spectroscopy (GC-FTIR) were performed with a Hewlett-Packard 5890 series II gas chromatograph equipped with HP5971 mass-selective and HP 5965B infrared detectors. Compounds were separated on an HP-5 capillary column (25 m by 0.32 mm; 0.25-m film thickness) with helium as the carrier gas (at 23 cm/s). The column temperature was held isothermally at 50ЊC for 1 min and then increased to 290ЊC at a rate of 5ЊC/min (conditions A) or 10ЊC/min (conditions B). The mass spectrometer was operated at an electron ionization energy of 70 eV. Injector, transfer line, and analyzer temperatures were set at 150, 300, and 300ЊC, respectively. Instrumental library searches and comparisons with available authentic compounds were used for identification of metabolites. The relative amounts of metabolites were calculated for duplicate samples from the peak areas of GC-MS total ion current chromatograms. Total ion current integrated responses (excluding peak of residual starting material) were used as 100% internal standard values for each sample analyzed.
Thin-layer chromatography (TLC) was performed on 0.25-mm-thick silica gel plates (Merck Silica Gel 60 F254) with methylene chloride or ethyl acetate as the developing solvent.
Chemicals. All chemicals were of the highest purity commercially available. Commercial preparations of acenaphthylene from a number of sources contained various amounts of acenaphthene (1 to 15%), as determined by GC and GC-MS. To avoid artifacts due to insufficient purity of this chemical for the biotransformation studies, acenaphthylene with a content of acenaphthene not exceeding 0.1% (by GC) was prepared by dehydration of 1-acenaphthenol. 1-Acenaphthenol (2 g, recrystallized from hexane) was mixed with 50 ml of 30% phosphoric acid and heated at 80ЊC with occasional stirring until it could no longer be detected by TLC of small samples removed over the course of dehydration (1.5 h). Acenaphthylene was recovered by extraction with pentane, further purified by sublimation, and stored in the dark at room temperature until further use.
1,8-Naphthalide was prepared at 10-mmol scale by reduction of a 10% solution of potassium salt of 1,8-naphthaldehydic acid in 0.1 M potassium phosphate buffer (pH 7.5) with excess sodium borohydride to give 8-hydroxymethylnaphthalene-1-carboxylic acid. Acidification of the reaction mixture to pH 2, followed by extraction with ethyl acetate, yielded chromatographically pure 1,8-naphthalide (98%).
Authentic acenaphthenone (37), cis-and trans-acenaphthene-1,2-diols (24), and 1-hydroxy-9-fluorenone (40) were prepared by published methods. Identities of all authentic materials were confirmed by GC-MS and 1 H nuclear magnetic resonance spectroscopy.
RESULTS AND DISCUSSION
The biotransformation of acenaphthene, acenaphthylene, fluorene, indan, symmetrically substituted dimethylnaphthalenes (DMNs), 1,2,4-tetramethylbenzene, and three different benzothiophenes was examined with P. aeruginosa PAO1(pRE695), expressing cloned NDO genes, and with P. aeruginosa PAO1 lacking pRE695. This allowed all observed initial oxygen incorporation reactions to be attributed to the action of NDO.
Oxidation of acenaphthene by cells of PAO1(pRE695) yielded a number of products (Table 1 ; Fig. 1 ), with 1-acenaphthenol (compound 2) and 1-acenaphthenone (compound 1) accounting for up to 65% (by GC) of all recovered products. Biotransformations of acenaphthene, 1-acenaphthenol, and 1-acenaphthenone also yielded a considerable amount of both cis-(compound 4) and trans-(compound 5) acenaphthene-1,2-diols, with each isomer accounting for up to 15% of recovered products. In contrast to acenaphthene, acenaphthylene was converted by cells of P. aeruginosa PAO1(pRE695) to acenaphthene-1,2-diol (compound 4, up to 76%) with virtually exclusive cis configuration of its hydroxyl groups (more than 99% of the cis isomer). Small amounts (1 to 3%) of acenaphtho-1,2-quinone (compound 6) and traces of compound 3 (tentatively identified as acenaphthylene-1,2-diol or its ketol tautomer) were also observed in experiments with acenaphthene and acenaphthylene. Acenaphtho-1,2-quinone was also formed as a major product from either cis-or trans-acenaphthene-1,2-diol when incubated with the NDO-containing strain.
The presence of small amounts of 1-acenaphthenone (compound 1) detected by GC-MS in experiments with acenaphthylene (free of acenaphthene) and with either cis-acenaphthene-1,2-diol or trans-acenaphthene-1,2-diol was attributed to thermal dehydration of diols in the GC injector. 1-Acenaphthenone was not detected by TLC analysis of the biotransformation products where traces of authentic ketone could easily be detected as a result of its intense blue fluorescence upon illumination of TLC plates with 254-nm UV light.
A combination of several mechanisms may be proposed to explain the formation of comparable amounts of both cis-and trans-acenaphthene-1,2-diols from acenaphthene by P. aeruginosa PAO1(pRE695) (Fig. 1) . The first involves sequential monooxygenation of each methylenic group of acenaphthene by NDO. An alternative mechanism may be suggested in view of recent data indicating that NDO from Pseudomonas sp. strain 9816-4 catalyzes a desaturation of indan to indene (18) .
A similar desaturation of acenaphthene to acenaphthylene catalyzed by NDO of the NAH7 plasmid would furnish the latter compound to undergo dioxygenation to cis-acenaphthene-1,2-diol. Finally, reversible dehydrogenase reductase activity of the host strain might also contribute to the distribution of cis and trans isomers. In fact, (Ϯ)-trans-acenaphthene-1,2-diol was partially converted to its cis-isomer when incubated with cells of either PAO1(pRE695) or the host PAO1 lacking pRE695. Evidence for such dehydrogenase reductase activity in the host strain was also obtained when incubations with (Ϯ)-acenaphthenol and fluorenol yielded the corresponding ketones and cis-and (Ϯ)-trans-acenaphthene-1,2-diols gave acenaphtho-1,2-quinone; the ketones were partially reduced to the corresponding sec-alcohols by this strain. Although establishing the absolute configurations of the chiral products, 1-acenaphthenol and trans-acenaphthene-1,2-diol, formed by strain PAO1(pRE695) was beyond the scope of this work, it is important to note that enantioselective action of NDO on (1R)-or (1S)-acenaphthenol along with enantioselective dehydrogenase reductase activity of the host strain might also affect the distribution of cis-and trans-diols.
Comparison of the products of acenaphthene and acenaphthylene oxidation by P. aeruginosa PAO1(pRE695) (Fig. 1) with those formed by a biphenyl-oxidizing strain, Beijerinckia sp. strain B8/36 (37) , indicates the similarity of the oxidation pathways in these two organisms. Although it was not possible to rigorously implicate a particular oxygenase in the observed oxidations of these compounds by strain B8/36 with the recombinant strain PAO1(pRE695), both the initial 1-monooxygenation of acenaphthene and 1,2-dioxygenation of acenaphthylene can now be unambiguously attributed to NDO.
It is interesting to note that considerable amounts (3 to 5%) of naphthalene-1,8-dicarboxylic acid (1,8-NDA; compound 7), recovered as its anhydride (compound 8) under the acidic conditions of extraction, were found among the products of biotransformations of acenaphthene, acenaphthylene, and their oxidation products ( Table 1) . Incubations of acenaphthoquinone without cells also resulted in the accumulation of 1,8-NDA, indicating spontaneous oxidation of the quinone rather than a biological reaction. Neither PAO1(pRE695) nor PAO1 metabolizes 1,8-NDA further. In an earlier study of the oxidation of acenaphthene and acenaphthylene by Beijerinckia , proposed desaturation activity of NDO; 3, other reactions. Absolute stereochemistry is not intended. Fig. 2 ). Benzylic 9-monooxygenation was responsible for the formation of 9-fluorenol (compound 10) and 9-fluorenone (compound 9), while aromatic ring dioxygenation products were detected as phenolic compounds (compounds 11 to 14) apparently derived from dehydration of putative 1,2-and 3,4-cis-dihydrodiols. GC-MS analysis of the acetylated biotransformation products from fluorene, 9-fluorenone, or 9-fluorenol also revealed a number of minor metabolites (compounds 15 to 24) with oxygen incorporated at both the benzylic position C-9 and in the aromatic ring. Detection of a series of four phenolic isomers of hydroxyfluorene (compounds 11 to 14), of 9-hydroxyfluorene (compounds 17 to 20), and of four compounds (compounds 21 to 24) with MS fragmentations e Identification is based on match of mass spectra (fragmentation and peak intensity) and capillary GC retention times with those of authentic samples.
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on July 2, 2017 by guest http://aem.asm.org/ consistent with 9-hydroxyfluorene-dihydrodiols indicated that dioxygenation of the aromatic ring can occur at both the 1,2 and 3,4 positions. Detection of compounds 21 to 24 also pointed out that incorporation of dioxygen into the aromatic ring can occur with both syn and anti configurations with respect to the stereochemistry of the hydroxyl at C-9. The concentrations of phenolic and dihydrodiol products accounted for approximately 30% of that of 9-fluorenone and 9-fluorenol in fluorene biotransformation experiments. In contrast to the oxidation of acenaphthene, NDO acted on fluorene both in a normal dioxygenating mode and in a monooxygenating mode. Indan was also oxidized by P. aeruginosa PAO1(pRE695), yielding 1-indanol (65%), 1,3-dihydroxyindan (20%), 1-indanone (6%), and 1-indenol (5%) as the principal products (data not shown). In this respect, the action of NDO of the plasmid NAH7 was similar to that described for the nearly identical NDO of Pseudomonas sp. strain 9816-4 (18) and TDO of P. putida F1 (46) .
Methyl-substituted aromatic compounds, such as symmetrically substituted dimethylnaphthalenes and 1,2,4-trimethylbenzene, were all oxidized by strain PAO1(pRE695), as evidenced by the formation of a variety of oxygenated products ( Table 3 ). The major route of oxidation for all tested methyl-substituted aromatic compounds involved incorporation of one atom of oxygen into a methyl substituent of the substrate molecule, resulting in formation of the corresponding benzylic alcohols (compounds 26, 29, 34, and 38) from the DMNs (Fig. 3) . Both the ␣-and ␤-methyl groups of DMNs were monooxygenated by NDO. NDO also showed no preferential oxidation of any of three nonequivalent methyl substituents of 1,2,4-trimethylbenzene, as indicated by formation of comparable amounts of the three dimethylbenzylalcohol compounds 42, 43, and 44. In the cases of 1,5-DMN, 2,6-DMN, 1,8-DMN, and 1,2,4-trimethylbenzene, the formation of bis-hydroxymethyl-substituted compounds was also detected, indicating subsequent monooxygenation of a second methyl group. Dehydrogenase activity of the host strain is apparently responsible for further conversion of the primary alcohols to carboxylic acids (e.g., compounds 27, 31, 35, 39, and 41) via the corresponding aldehydes. Such transformations of aromatic alcohols and aldehydes to acids have been observed in this strain (12) . The lactone (compound 40) detected only in experiments with 1,8-DMN is evidently formed from 8-hydroxymethyl-1-naphthoic acid as a result of its spontaneous ring closure under acidic extraction conditions.
Biotransformation of 1,8-DMN also yielded an unidentified product (compound 37) whose MS fragmentation indicates incorporation of one atom of oxygen and the loss of two atoms of hydrogen with respect to the molecular mass of the starting substrate. Its molecular ion (m/z 170) matches those of 8-methyl-1-naphthaldehyde (compound 36) and acenaphthenol (compound 2), but the fragmentation patterns are different for all of these compounds. On the basis of its mass spectrum, a cyclic ether structure of the 1,8-naphtho(b)pyran type is suggested for compound 37. However, it remains to be established whether the formation of such a cyclic ether linkage between the methyl groups of 1,8-DMN should be attributed to the activity of NDO or to an intramolecular dehydration of 1,8-bis(hydroxymethyl)naphthalene during GC analysis.
Small amounts of naphthols (compound 25 from 1,5-DMN and compound 30 from 2,6-DMN) were apparently formed by dehydration of the cis-dihydrodiols, minor products of dioxygenation of the aromatic ring, indicating an alternative mechanism of oxidation of these hydrocarbons.
To investigate possible sulfoxygenation reactions catalyzed by NDO, P. aeruginosa PAO1(pRE695) was incubated with dibenzothiophene, benzothiophene, and 3-methylbenzothiophene. All S-heterocyclic compounds were oxidized by this strain, as indicated by the accumulation of a number of metabolites. No appreciable amounts of the corresponding sulfoxides or sulfones were observed in experiments with diben- (17) , this metabolite was identified as 3-methylbenzothiophene sulfoxide. Only a trace of compound 53 (R t ϭ 17.09, Ͻ0.2%) with a mass spectrum matching that of 3-methylbenzothiophene sulfone (17) was detected. Formation of these products indicates that NDO is capable of two different monooxygenase reactions with 3-methylbenzothiophene, namely, (i) oxidation of the methyl group or (ii) sulfoxidation (Fig. 4) .
The absence of S-oxygenation product accumulation from dibenzothiophene may be explained by preferential dioxygenation of the aromatic ring and by insufficient accessibility of the S-heteroatom for activated dioxygen species at the catalytic center of NDO. In the case of the benzothiophene biotransformation, a number of products consistent with 2,3-dioxygenation were detected. Such attack on benzothiophene by isopropylbenzene dioxygenase results in an unstable cis-2,3-dioxygenation product readily undergoing both spontaneous opening of the S-heterocylic ring and isomerization (14) . It would appear that the extent to which NDO, and similar enzymes, can play a role in the sulfoxidation processes depends largely on the structures of S-heterocylic aromatic compounds, their substitution patterns, and the degree of hindrance of the S-heteroatom.
It has been shown previously that TDO of P. putida F1 monooxygenates benzylic methylenic groups of indan (46) and methyl groups of nitrotoluenes (36) and that NDO of Pseudomonas sp. strain 9816-4 monooxygenates indan (18) and indanones (35) . Evidently, many, but not all, known arene dioxygenases can catalyze monooxygenase reactions of naphthenoaromatic or methyl-substituted aromatic substrates. For example, the purified dibenzofuran-4,4a-dioxygenase, which performs an angular attack on dibenzofuran and fluorenone, does not oxidize the methylenic group of fluorene (7). As demonstrated in this study, NDO of the plasmid NAH7 preferentially acts as a monooxygenase on a number of naphthenoaromatic compounds possessing benzylic methylene groups and on methyl-substituted aromatic compounds. With the exception of the fluorene biotransformation, products indicative of dioxygenation of the aromatic ring of test hydrocarbons did not account for more than 3% of the recovered material. Oxidation of benzylic methyl groups by NDO was essentially nonspecific with respect to their positions in the aromatic ring, as indicated by formation of monooxygenation products from various dimethylnaphthalenes and from 1,2,4-trimethylbenzene. Significant formation of aromatic ring oxidation products from fluorene (ϳ30%) may indicate that the extent to which monooxygenation of benzylic methylenic groups prevails over dioxygenation of aromatic rings is probably determined in part by their accessibility to the activated oxygen species at the enzyme active site. In addition to these benzylic monooxygenase reactions, NDO can catalyze monooxygenation of thioether sulfur, as demonstrated by the formation of 3-methylbenzothiophene sulfoxide from 3-methylbenzothiophene. Understanding the extent to which monooxygenase activity of arene dioxygenases is dictated by the relative chemical reactivity of benzylic functional groups and S-heteroatoms or is determined by structural differences at their catalytic sites awaits more detailed comparative studies of these enzymes from bacteria that use alternative catabolic strategies (20, 22, 40, 42) for the utilization of naphthenoaromatic compounds.
From an environmental standpoint, the accumulating body of experimental evidence indicating fortuitous monooxygenative attack by arene dioxygenases, such as NDO, is of special interest. For example, in view of the abundance of naphthalene and phenanthrene in coal-derived materials and the ready availability of arene dioxygenases for bacterial catabolism of such unsubstituted aromatic substrates, these enzymes are inevitably implicated in the monooxygenation of a number of co-occurring naphthenoaromatic, methyl-substituted aromatic, and S-heterocyclic aromatic constituents. Although the actions of arene dioxygenases will be accompanied by the loss of the latter compounds, formation of oxygenated products, such as naphthenoaromatic ketones and aromatic carboxylic acids, can be expected. These products are not usually accommodated by pathways providing complete degradation of unsubstituted arenes. Catabolism of products formed as a result of monooxygenation of the naphthenoaromatic, methyl-substituted aromatic, and S-heterocyclic aromatic compounds demands alternative biochemical strategies and, therefore, a more diverse microbial flora. Furthermore, formation of oxygenated polycyclic aromatic products with polar keto, hydroxyl, and carboxyl functional groups is likely to enhance their solubility and bioavailability and to facilitate their migration into ecosystems adjacent to sites affected by PAC pollution. Emerging evidence indicating the toxicity of the products formed during the biotransformation of PACs (5, 9) emphasizes the need for systematic studies of biochemical mechanisms that determine the extent and the limitation of microbial degradation of chemical mixtures derived from fossil fuels.
